■ INTRODUCTION
Thin films with complex architecture and controlled response to external stimuli are promising systems for designing responsive functional coatings. Polymer and polyelectrolyte brushes have been extensively explored in this context. 1−4 Their swelling and collapse can be externally manipulated by electric fields, temperature, pH, or pressure. Specific patterns can form upon loading the brushes with colloids or nanoparticles 5, 6 as a result of internal competing interactions. 7−15 To date much less explored are magnetoresponsive coatings. 16−18 Theoretically, the properties of magnetic filaments, i.e., chains of magnetic nanoparticles linked with elastic linkers, under external driving have been explored in bulk 19−25 where they have been shown to bend into "S"-like or "U"-like shapes. 19 The bending threshold of an anchored magnetoelastic rod has recently been determined experimentally and theoretically. 13 Soft superparamagnetic filaments have been exploited in designing artificial swimmers 24,26−29 and biomedical devices, 30−32 and more rigid structures with ferromagnetic or superparamagnetic nanoparticles find applications in cellular engineering 12, 13 and designing advanced materials such as biomimetic cilia 33, 34 and micromechanical sensors. [20] [21] [22] [23] 25 In recent simulations, 35 supracolloidal filaments composed of ferromagnetic colloidal beads linked via cross-linked polymers and grafted to a surface have been explored as a realization of magnetoresponsive surface coatings.
Here we study the structural properties and phase behavior of isolated anchored superparamagnetic filaments in constant external magnetic field parallel to the surface. The model filaments are composed of neutral and superparamagnetic nanocolloidal beads interlinked with elastic bonds (see Figure  1 ). We perform molecular dynamics (MD) simulations and energy minimization (EM) and study how the morphology of filaments is governed by their composition and by the interplay of elastic and magnetic interactions. Superparamagnetic colloids acquire a magnetic moment in the direction of the externally applied field and thus tend to bend if a strong enough field is applied in the direction parallel to the surface. We determine the bending line by performing EM and find an agreement with the experiments on clamped superparamagnetic rods. 13 In MD simulations within the bending regime we observe controllable self-assembled patterns such as loops, sheets, and collapsed clusters. Different from the study of Sanchez et al., 35 we explore a wide range of elastic parameters including very flexible filaments, where the morphologies are much richer than in the case of stiff magnetoelastic polymers. Moreover, we study the case with magnetic field acting in-plane−resulting in a frustration between elastic and magnetic interaction and in emergence of new complex structures.
The artcle is organized as follows: the next two sections introduce the model and simulation methods, respectively. Next, the determination of the phase boundaries and the analysis of structural properties of anchored magnetic filaments are presented. The last section is the summary.
■ MODEL
We model superparamagnetic filament as a chain of colloidal beads that are either nonmagnetic or superparamagnetic and are linked by harmonic bonds. The chain is anchored to a hard neutral surface; see Figure 1 . The composition of each filament is characterized by the number of the beads L, the fraction of magnetic beads ξ = L m /L, and the specific sequence of magnetic and nonmagnetic beads. For relaxed filaments without the presence of the magnetic field, L is proportional to their length. Under the action of the magnetic field, the length of the filaments depends on the magnetic forces as well; however, in the stretching rigidity regime we explore, this effect is minor. We study filaments with periodic sequences with repeat units of N n nonmagnetic beads followed by N m magnetic ones (the fraction ξ is then ξ = N m /(N m + N n )) and denote them as "− N n −N m −".
The interaction between beads is modeled by a repulsive Weeks−Chandler−Andersen (WCA) potential (truncated and shifted Lennard-Jones interaction) (1)
where ϵ is the magnitude of the interaction, σ the diameter (in our reduced units, ϵ = σ = 1, see Table 1 ), and r ij is the distance between two beads. Besides the WCA repulsion, the beads are linked with bonded interactions, including the stretching U r , bending U θ , and twisting U ϕ parts
where r 0 is the equilibrium bond distance, K r is the linear stiffness of the bond, K θ the bending, and K ϕ the twist rigidity. The bending angle θ is defined for three consecutive beads, while ϕ is the improper dihedral angle defined for four consecutive beads. 36 The first bead in the filament is anchored to the surface with the equilibrium direction pointing perpendicularly to the surface; therefore, in the absence of external magnetic field, the filaments are on average straight and perpendicular to the surface. Together with the WCA interactions (eq 1) the elastic terms (eq 2) constitute the bonding interactions between the beads in the filaments. Under the action of external magnetic field, the magnetic colloids acquire magnetic moments, which lead to additional dipole− dipole interactions
where p i and p j respectively represent the dipole moment of particles i and j. The units of p and B are chosen (Table 1) so that the reduced dipole moment is equal to the applied field strength. Since the external field is constant and we only consider a small number of magnetic beads, we disregard manybody depolarizing forces among them. This simplification amounts to an error less than 1−2% in the magnetic interaction energy and thus does not qualitatively affect the equilibrium structures of the filaments. Throughout the work and in the above expressions (eqs 1−3), we use reduced units that are summarized in the Table 1 . The total energy of the system is obtained as a sum Langmuir XXXX, XXX, XXX−XXX
B
The structural properties of the filaments are determined by the competition between the bonding and dipolar interactions. Note that our system and the choice of the interaction potentials are different from that of Sanchez et al. 32, 35 where they considered ferromagnetic polymers. The bond−dipole coupling effect presents in the ferromagnetic case is absent in the case of superparamagnetic particles, whose magnetic moment can freely rotate without physical rotation of the colloid.
■ SIMULATION METHOD
We use coarse-grained MD method to simulate superparamagnetic filaments of different length L and composition ξ in constant external magnetic field B = (B, 0, 0). The conservative force F c = −∇U is derived from the interparticle interactions (eq 4). Since the dipole moments of superparamagnetic particles can freely change direction, we do not consider particle rotation. Since the dipole−dipole interactions favor magnetic beads to line up along the direction of the external field, the straight filament first bends ( Figure 1b ) and then collapses with the increase of B. We implement Langevin thermostat by imposing a friction force F f = −mv/γ with the damping coefficient γ = 0.2 and a random force
with the components R x,y,z Gaussiandistributed random variables with zero mean and unit variance. The total force F on each particle is
The length of the time step dt was chosen so that in a single simulation step the beads move on average a fraction 1/20 of the filament's radius of gyration.
In order to determine stable configurations for filaments with various parameters, we start with a straight filament and implement two simulation methods: simulated annealing and parallel tempering. In annealing, we initially increase the temperature from T = 1 to T = 30 (or T = 50 for very rigid filaments) in 10 6 simulation steps. Then, we slowly quench the system to T = 1 in 6 × 10 8 simulation steps. The final configuration is obtained after another 10 8 simulation steps in the NVT ensemble. In parallel tempering, 14 configurations are computed in parallel, with replica temperatures distributed between T = 1 and T = 60. The values of the replica temperatures are chosen so that the replica exchange probability is finite even in very strong external field. The stable structures are obtained after approximately 8× 10 8 simulation steps. We compute the stable structures at different values of B and K θ with fixed K ϕ = 200, K r = 4000, and r 0 = 2 1/6 . We choose to keep K ϕ and K r constant because our preliminary runs indicated that the phase behavior of the system is not very sensitive to these two parameters. However, for very small K r ≲ 10 3 or very large K ϕ ≳ 10 4
, the collapsed structures of the filament in strong external field are affected, i.e., they become much less ordered. Note that in our simulations a relatively large value of the stretching rigidity, K r , is used, i.e., the connected beads are bound to a very low energy state. Thus, our simulation results are insensitive to the long-range properties of the interbead potential and qualitatively similar results are obtained by replacing the harmonic potential with elasticoplastic interactions such as Morse potential. 37 
■ RESULT AND DISCUSSION
A typical phase diagram depicting the shapes of the filaments (Figure 2a ) for different bending rigidity K θ and magnetic field strength B comprises regions of straight, bent, and folded chains. The threshold value of the external field needed for filaments to bend, B b (K θ ), is called the bending line, while the collapse line B = B c (K θ ) separates the bent filaments and folded shapes. In the following we first discuss the collapse line and various shapes observed for filaments with different composition ξ in the collapsed region and then the bending line and bending behavior of the filaments at lower field strengths or higher rigidity.
Collapsing Behavior of Magnetic Filaments: ξ = 1. Folded shapes of filaments composed of L = 30 magnetic beads (ξ = 1.0) are summarized in Figure 2b . We observe structures reminiscent of loops, sheets, and compact pillarlike objects. At constant K θ and upon increasing B, the filaments initially fold into a loop or hairpinlike structure after crossing the potential barrier between the bent and collapsed shape. Shorter or stiffer filaments are more likely to fold into a hairpinlike structure than longer or softer ones. We tested how the onset of the collapsing transition depends on the total number of the beads L and observed that the position of the collapse line moves to the right of the phase diagram with decreasing L. At larger B, the filaments fold into a "double-layered" sheetlike structure and finally into closely packed bulk pillarlike structure. Simulation results of both parallel tempering and slow-quenching indicate that the looplike, sheetlike, and pillarlike structures are stable ones, but they become metastable with respect to random coillike structure when K θ ≲ 40 and L < 20. The morphology of the collapsed structures and the typical length scale (e.g., the Langmuir XXXX, XXX, XXX−XXX width of the pillar and sheet) depend only very weakly on L; see Figure 3 . The effect of bond stiffness K r and twist rigidity K ϕ on the structural properties is explored in the Supporting Information (see Figure S1 ).
The folding transition emerges as a consequence of the competition between elastic and magnetic interactions. In order to better understand its mechanism, we studied a simplified model filament consisting of three magnetic beads that interact via the bending and dipole−dipole interactions only Ũ= ∑ i<j U ij pp + ∑ i U i θ , thus neglecting the WCA and bond rigidity (the torsion term being constant anyway). We implement the activeset algorithm (see Appendix. A) to numerically determine the minimum energy Ũof such filaments with fixed bending elasticity K θ = 10 in varying external field strength B. Figure 4 shows Ũ(B) for bent and collapsed configurations. Bent configuration is favored for values of B below the threshold B c ≈ 10.8, while above the threshold (B > B c ) the collapsed state wins indicating that the angle of the third bead θ 3 tends to be obtuse at large magnetic field magnitudes where the gain in magnetic attraction overcompensates the elastic penalty for extra bending. Such a transition takes place at a smaller threshold B c in the case of longer filaments.
See Movie Mov.1−Mov.4 in the Supporting Information for how the collapse of the exclusive superparamagnetic filaments takes place.
Collapsing Behavior of Neutral−Magnetic Filaments: ξ < 1. Figure 5 shows phase behavior near the collapsing region for anchored neutral−magnetic combined filament with "−1− 1−" unit sequence (ξ = 0.5). Similarly to the case of ξ = 1 (Figure 2b) , the system enters into the collapsed state after crossing the collapse line, which is here shifted toward larger field strengths B. By performing parallel tempering simulations, we explore how the equilibrium self-assembled structures depend on the bending rigidity K θ and the external field B. We observe hairpinlike (large B, large K θ ), helicoidal (large B, moderate K θ ), pillarlike (large B, small K θ ), or ringlike (moderate B, moderate K θ ) structures as plotted in Figure 5 .
Generally, for ξ < 1 the morphology of the observed structures is similar to that of the case ξ = 1 with 1D (loops), 2D (sheets), and 3D (collapsed clusters) structures. However, the phase behavior is richer and dependent not only on L and ξ but also on the specific sequence −N n −N m − of neutral and magnetic beads within the filament. A complete mapping of the phase behavior is therefore a formidable task, and here we present a glimpse into some of the structures that can be observed. A more thorough study will make sense once a specific experimental realization becomes available so that parameter space can be limited accordingly. Figure 6 depicts typical simulation snapshots of filaments composed of a mixture of magnetic and neutral colloids with varying K θ in a strong external field. We observe a clear tendency for phase separation of magnetic and nonmagnetic beads reminiscent of protein folding with the separation of hydrophobic and hydrophilic groups. In our system, we observed ringlike, spoonlike, or racketlike structures with neutral segments either "pinned" together if they are short in length (e.g., "−1−1−" or "−3−5−" sequence with K θ ∼ 400), or squeezed out from the sticky part if they are long enough (e.g., "−10−10−" sequence with K θ ∼ 400). The sheets do not fully assemble as was the case in Figure 2b for filaments of intermediate bending rigidity. Here, long-enough filaments (N m ≳ 25) exhibit only a partial formation of sheetlike structures (see snapshot for "30−30−30" unit sequence with K θ ∼ 200 in Figure 6 ). Finally, for very soft filaments, the collapsed structures are characterized by pillarlike or rodlike clusters of magnetic beads and excluded segments of neutral ones. The dynamics of the collapse of some of these filaments is shown in the movies in the Supporting Information (Mov.5−Mov.7).
We also analyzed the collapsing behavior for filaments with random neutral−magnetic sequences. While for soft filaments the equilibrated structures are more or less the same as that for periodic sequences (i.e., the magnetic beads are collapsed and buried inside the cluster, while the neutral ones are expelled) We compare the energy of a bent filament to the energy of a collapsed structure, both of which are determined by the energy minimization procedure. Langmuir XXXX, XXX, XXX−XXX but less ordered, for rigid and semirigid filaments we only observe ringlike or helicoidal structures (similar to that plotted in Figure 5 for filament of "−1−1−" unit sequence). The absence of the other structures observed in the periodic sequences can be explained by the high energy penalty for the segments with incommensurate lengths to form the structures with underlying periodicity. Although unbonded short magnetic-beads-rich segments can be "pinned" together by magnetic attractions to form a ring, it is very unlikely to closely stick long segments of very different sequences together. For instance, hairpinlike structure is stable for rigid filament of "− 1−1−" unit sequence, but definitely unstable for random sequences. In the latter case, it is very unlikely for magnetic beads to find their "pairs" on the other leg of the hairpin, so that the internal energy remains high. Bending. We perform numerical energy minimization (see Appendix A) in order to determine the position of the bending line. The result is presented in Figure 7a for the case of ξ = 1. As expected, we observe that the bending line shifts to the left with increasing number of beads L. According to the magnetoelastic theory, 13 the change from straight to bent state of the superparamagnetic filament is actually a Landau second-order transition. Indeed, if we plot K θ 1/2 /B b (where B b is the threshold value of bending magnetic flux density) as a function of L (Figure 7b) , the results collapse onto a single line, which denotes that B b depends linearly on 1/L and K θ 1/2 , in accord with predictions in ref 13 .
At fixed K θ , with the increase of B the system crosses the bending line and enters into the bending region. Starting from the simplest cases, we first analyze the bending behavior for filaments with three magnetic particles (the even simpler case of two beads is discussed in detail in the Supporting Information); Figure 8b compares θ for an anchored filament consisting of three superparamagnetic particles at B = 5. With the increase of K θ , all the three bending angles decrease when K θ > 200, but the dangling angle θ 3 decreases less rapidly than θ 2 (or θ 1 ). We find a good agreement between the MD and EM results. Generally, we observe that the angles θ 1 and θ 2 are the same. This follows naturally from the energy minimization, where the two quantities appear symmetrically.
The threshold value of bending magnetic flux density B b can be easily read off the θ−B relation in Figure 8c : B b = 2.625 for K θ = 200 and B b = 3.106 for K θ = 280. We further observe that the value of θ 2 (or θ 1 ) monotonically increases with B and decreases with K θ , while the value of the dangling angle θ 3 is nonmonotonic.
Here we note that the decrease of θ 3 with the decrease of K θ in Figure 8b and the increase of B in Figure 8c is not due to the presence of dipole−dipole attraction between the first and the third beads, but rather the increase of θ 1 and θ 2 (within the bent phase the equilibrium structure would always entail θ 1 + θ 2 + θ 3 ≤ π/2). This can be validated by calculating the bending angles for system that neglects dipole−dipole interaction between the first and the third beads (eq 11 in Appendix A). As illustrated in Figure 8b , we find that the bending angles for the system without dipole−dipole interaction between the first and the third beads (blue dotted lines) are very close to those Figure 6 . Simulation snapshots of filaments composed of neutral and magnetic beads. The first three columns depict the structures formed by the filaments with different bending rigidity K θ in constant magnetic field B = 9. Filaments with different periodic sequence of magnetic (blue) and neutral (red) beads, "−N n −N m −", are placed in different rows. In the last row, the "30−30−30" sequence denotes a filament of 60 magnetic particles and 30 neutral ones. In the rightmost column, the kinetics of the collapsing process for the "−10−1−" filament with a total number of three magnetic particles is presented. for the system that considers next-neighbor magnetic interaction (black solid and red dashed lines) at fixed K θ , especially when K θ is small. The values of θ 3 and θ 1 (θ 2 ) can be extrapolated to 0 and π/4 respectively for K θ = 0.
Both simulation and theoretical optimization show that at constant B, the ratio of the angles θ 2 /θ 3 is larger for smaller K θ ; see Figure 8d . We may therefore predict that the larger the value of K θ , the more continuous the bending of the filaments becomes. In Figure 8d the energy minimization results are slightly above the simulations, which is due to the fact that in MD simulations the bonds between particles are slightly stretched, which increases the value of θ 3 . Figure 9a presents how the position of bending line depends on the total particle number, L, for neutral−magnetic filament with "−1−1−" unit. We find that adding neutral particles between magnetic ones strongly increases the value of B b at constant K θ . For instance, as illustrated in Figure 9a , the position of the bending line for "−1−1−" unit filament with L = 4 is quite different from that for purely magnetic filament with L = 4.
The B b −L relation for neutral−magnetic filament of different unit sequence at constant K θ = 400 is shown in Figure 9b . We find that, at fixed L, the bending threshold depends not only on magnetic fraction ξ but also on the sequence of the magnetic particles within the filaments. Moreover, we observe that the B b −L relation even becomes nonmonotonic for neutral− magnetic filament of "−1−1−" and "−3−3−" sequences, as illustrated in Figure 9b .
■ CONCLUSION
We have explored the folding properties of anchored magnetoelastic filaments in a wide range of parameters such Langmuir XXXX, XXX, XXX−XXX as bending rigidity, external magnetic field strength, and the filament composition. We observed a rich cohort of collapsed structures including loops, sheets, and helicoidal assemblies.
Since it is experimentally relatively straightforward to control the structure formation by applying external field, or by controlling the filaments composition, our results may prove useful in designing applications in bioengineering or design of new materials with complex building blocks. As an example, filaments of spoonlike or ringlike structure might be utilized as a microscopic lasso to grab and transport nanoparticles or macromolecules.
■ APPENDIX. A ENERGY MINIMIZATION
We use active-set algorithm 38, 39 to find the minimum of nonlinear multivariable function of internal energy. We first analyze the internal energy of filament that consists of only two magnetic particles. For simplicity, we assume that the distance between the particles is fixed, and the filament is fixed in a 2D plane. In addition, we assume the value of the dipole moment, ⇀ p, of each particle equals the external field, and there is no Lennard-Jones interactions. Thus, the selected internal energy of the system, Ũ, can be written as 
